Abstract We report the in situ observation of a plasma vortex induced by a solar wind dynamic pressure enhancement in the nightside plasma sheet using multipoint measurements from Time History of Events and Macroscale Interactions during Substorms (THEMIS) satellites. The vortex has a scale of 5-10 Re and propagates several Re downtail, expanding while propagating. The features of the vortex are consistent with the prediction of the Sibeck (1990) model, and the vortex can penetrate deep (~8 Re) in the dawn-dusk direction and couple to field line oscillations. Global magnetohydrodynamics simulations are carried out, and it is found that the simulation and observations are consistent with each other. Data from THEMIS ground magnetometer stations indicate a poleward propagating vortex in the ionosphere, with a rotational sense consistent with the existence of the vortex observed in the magnetotail.
Introduction
Flow vortices are common in ordinary fluids. In a plasma, they also exist but their structure and evolution are complicated by the presence of electric and magnetic fields. Plasma vortices can transport plasma across boundaries [e.g., Miura, 1984; Hasegawa et al., 2004] . They can also generate field-aligned currents (FACs) and contribute to the aurora [e.g., Birn et al., 2004; Keiling et al., 2009; Lui et al., 2010] . Vortices on different scales have been found in the heliosphere [Burlaga, 1990] , the Earth's ionosphere, and the magnetosphere under different external or internal conditions [e.g., Hones et al., 1978; Friis-Christensen et al., 1988; Glassmeier et al., 1989; Lyatsky et al., 1999; Murr et al., 2002; Motoba et al., 2003; Sibeck et al., 2003; Sundkvist et al., 2005; Juusola et al., 2010; Tian et al., 2010] .
Many previous observations of plasma flow vortices have been made at the dayside ionosphere based on ground magnetic field or SuperDarn radar observations [e.g., Friis-Christensen et al., 1988; Glassmeier et al., 1989; Lyatsky et al., 1999; Motoba et al., 2003; Murr et al., 2002; Sibeck et al., 2003; Juusola et al., 2010] . Nightside magnetospheric vortex observations have also been reported [e.g., Hones, 1978; Hasegawa et al., 2004; Keiling et al., 2009; Lui et al., 2010; Tian et al., 2010] and simulated [El-Alaoui et al., 2010; Wang et al., 2010; Sun et al., 2011 Sun et al., , 2012 Shi et al., 2013; Samsonov and Sibeck, 2013 ], but we are not aware of any clear in situ observations of such vortices attributed to by solar wind pressure enhancements either in the dayside or nightside plasma sheet. Wang et al. [2010] and Sun et al. [2011 Sun et al. [ , 2012 looked at the response of the nightside magnetotail to a pressure increase and examined the magnetic field response using a global MHD simulation and comparative GOES/THEMIS/Double Star data. Although they did not explicitly report it, a vortex was clearly seen in their simulation. Observational evidence of such a sudden impulse (SI)-associated vortex is still lacking. Sibeck [1990] proposed an interaction model between solar wind pressure pulses and the magnetosphere, in which a single-or double-vortex structure inside the magnetosphere near the magnetopause, with a concomitant ionospheric signature was predicted. The ionospheric counterpart was later observed using SuperDarn radar and ground magnetometers [e.g., Sibeck et al., 2003] ; however, there are still no in situ observations of solar wind dynamic pressure-induced vortices near the magnetopause and the adjacent tail plasma sheet.
Recently, Shi et al. [2013] reported standing Alfvén waves in the nightside plasma sheet after SIs. They proposed that those are field line resonances (FLRs) driven by the solar wind dynamic pressure enhancements through a pressure-induced vortex at the boundary. The authors suggested this as a new mechanism for FLR excitation. They proposed that where the vortex perturbation frequency matches the local standing Alfvén wave frequency, an FLR will be excited. The ULF response to the vortex structure induced by an SI is different from the direct response to the SI. In the former case, the spatial structure and propagation of the vortex can lead to a frequency selection, exciting standing Alfven waves at discrete frequencies and locations. In the latter case, a broadband frequency response is expected, since the SI contains rapid step-like (or spiky) variations in the time domain. Analysis of the magnetospheric response to the SI in the time domain-in particular, identification of vortex structures using in situ observations-is required to confirm the operation of either ULF wave excitation mechanism in the nightside magnetosphere. Although vortices can be found in simulations [e.g., Samsonov and Sibeck, 2013; Shi et al., 2013] after an SI, until now no direct evidence of such vortices has been reported from in situ observations. In this paper, we report the first in situ observation of such vortices attributed to solar wind dynamic pressure pulse in the nightside plasma sheet using coordinated observations from multiple THEMIS satellites. Global MHD simulations and ground magnetometer measurements are also performed to confirm the finding.
Observations and Global MHD Simulations
On 24 April 2009, the Wind satellite detected an interplanetary shock (see Figure 8 in Shi et al. [2013] ) with a dynamic pressure increase from~0.7 to 1.7 nPa. In response, THEMIS B, C, and D in the dusk magnetotail observed magnetic field and ion velocity perturbations after the SI at~00:53 UT, as shown in Figure 1 
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We have carried out a global MHD simulation through the Community Coordinated Modeling Center (CCMC) using the OpenGGCM MHD code [Raeder et al., 2008] to simulate this kind of solar wind pressure pulse/magnetosphere interaction. The solar wind input parameters for the MHD simulations before (after) the solar wind pressure are 4.0 n/cm 3 (7 n/cm The vortex was followed at THD's position by field line oscillations. The vortex continued moving tailward and was later observed by THB and THC which were 4 Re away from THD. Shi et al. [2013] have studied the wave activity observed by THD after the time corresponding to the shaded area in the left-hand panel of Figure 1 . They found that it was a standing Alfvén wave consistent with an FLR and proposed that the wave was driven by a passing vortex driven by the solar wind SI. The ensuing standing Alfvén wave activity is not captured well by the MHD simulations, perhaps due to the simulation accuracy or due to the boundary condition settings at the ionosphere. The vortex is the topic of this report. (Figure 2c ), we find that the flow vectors observed by THB and C are very small. Upon arrival of the SI (Figure 2d ), we find tailward flows from both THB and C, consistent with a lateral compression of the magnetopause. Several minutes later, the flow vectors at THB and C become quite different from each other (Figures 2e and 2f) , and the sense of rotation is consistent with counterclockwise motion, as seen in the simulation (Figure 2a ) and as expected from the Sibeck [1990] model. Therefore, from simulation and multipoint observations, we confirm that this is a tailward moving vortex that is caused by magnetospheric compression by the solar wind dynamic pressure enhancement.
From simulations and observations we also notice that the vortex is deep inside the magnetosphere, rather than simply near the magnetopause, since THC is~8 Re from the statistical location of the magnetopause boundary under these dynamic pressure conditions ( [Shue et al., 1998 ], with P dyn = 2 nPa; B z = 1 nT). According to the simulation the inner edge of the vortex is near Y = 5 Re. From the simulation, the scale of the vortex appears to be 5-10 Re, which is consistent with our observations (Our MHD simulation results are also similar to the simulation results of Wang et al. [2010] and Sun et al. [2011 Sun et al. [ , 2012 ). From both simulation and observations it appears that the size of the vortex is growing while propagating tailward.
From approximately 0052 UT transient magnetic variations in the H component were observed by THEMIS ground stations along a latitude profile near the foot points of the THEMIS satellites, as shown in Figure 3a . The bipolar signature in the H component is consistent with observations of traveling convection vortices by Friis-Christensen et al. [1988] and Glassmeier et al. [1989] . The time shift of the negative peak indicates a poleward propagation of the transient and is consistent with the observed tailward propagation of the driver in the magnetosphere. Figure 3b shows equivalent ionospheric currents (EICs) derived from the ground magnetic disturbance of ground magnetometer arrays (CANMOS, CARISMA, GIMA, MACCS, THEMIS, DTU, STEP, and USGS) at 00:57 UT (see Weygand et al. [2011] and Keiling et al. [2009] for a description of these techniques). A single vortex with counterclockwise rotation is seen near the ionospheric footpoints of THEMIS B, C, and D and is demarcated by a circled area in Figure 3b . The sense of rotation of the equivalent ionospheric Hall current has a divergence that is consistent with an upward FAC from current continuity [e.g., Birn et al., 2004; Keiling et al., 2009; Yao et al., 2012] , consistent with the FAC generation by the magnetospheric flow vortex that we observed in the magnetotail. 
Summary and Discussions
In this paper we report in situ and ground observations of a solar wind dynamic pressure enhancementinduced vortex in the nightside plasma sheet and reproduce the in situ signature using global MHD simulations. Simulation and observations consistently show a vortex driven by a sudden impulse in the solar wind and extending deep inside the magnetosphere, not only near the magnetopause.
The depth of penetration of the vortex into the tail (and the excitation of field line resonance) indicates that the energy coupling between the solar wind and the magnetosphere/ionosphere is significant. Other events (e.g., events on 28 May 2008 and 28 May 2009) from THEMIS single satellite data show that this response of the nightside plasma sheet to solar wind dynamic pressure enhancement is rather common. At THD's position the vortex was followed by the field line oscillations after it passed. Thus, the magnetic field response in the plasma sheet to an interplanetary shock/pressure change is not always a smooth increase or decrease, sometimes there are persistent perturbations. This vortex continued propagating toward the tail and was later observed by THB and THC at a location 4 Re away from THD. From the simulation results we find that there is no net plasma transport; however, the front/phase of the vortex perturbation in the magnetotail plasma sheet is moving tailward-see Animation S1 in the supporting information. The response of the plasmas at different locations makes the plasma velocity vectors form a vortex-like picture as a whole. When the perturbations move tailward, the vortex also moves tailward. According to the Sibeck [1990] model, the compression and recovery of the field lines lead to a vortex formation. If the timing of this compression and recovery (or the timing of this vortex) matches the local field line frequency, then an FLR can be excited as suggested by Shi et al. [2013] and then we see more than one period of the wave, while at other places where the local field line frequency does not match the FLR the waves damp very fast. The ULF wave and the vortex are excited at the same time, and they actually may be the same feature observed with different methods: the wave is seen locally while the vortex requires a global view. The observations herein are not unique as mentioned above. Shi et al. [2013] have also discussed several formation mechanisms of the FLRs other than vortex, such as surface waves at the magnetopause driven by the Kelvin-Helmholtz instability [e.g., Chen and Hasegawa, 1974; Southwood, 1974; Claudepierre et al., 2008] , cavity/waveguide modes [e.g., Southwood, 1985, Walker et al., 1992; Wright, 1994, 1995] , and direct excitation by a solar wind pressure pulse [e.g., Samson and Rostoker, 1972; Waters et al., 1995] . We found that none of these mechanisms could explain the ULF wave observations. Since there are no obvious density and pressure fluctuations the generation mechanism described by Kepko et al. [2002] (also seen in Claudepierre et al. [2010] ) is also not applicable here. In addition, IMF variations might also drive vortices or low-frequency waves directly [e.g., Walker et al., 2006; El-Alaoui et al., 2009; Nedie et al., 2012] . Nedie et al. [2012] have seen waves in the solar wind as variations in IMF Bz at the frequency of SuperDARN FLRs. For the case we present in this paper, there are some IMF fluctuations which may contribute to the vortex and FLR formation processes. We have conducted spectral analysis (not shown here) and find that the frequency of the IMF Bx oscillation is close to 2 mHz, which is close to the FLR frequency of this event. These IMF fluctuations may contribute to the observed wave activity-it is not possible to rule them out since the MHD simulation does not fully capture the physics of standing Alfven waves and thus cannot directly establish what causes the waves. However, we find that the IMF fluctuations start~4 min earlier than the dynamic pressure enhancement (which coincides with the SI start time as well as the ULF wave start time). Also, for the other two events we studied in Shi et al. [2013] , there are no such IMF oscillations, but the ULF wave start times all coincide with the SI arrival or the dynamic pressure enhancement. Thus, IMF oscillations may affect the ULF wave activity, but they are not crucial for generating the ULF waves.
A large amount of previous observations and models have discussed ionosphere traveling convection vortices, which are observed on the dayside and are also related to solar wind dynamic pressure enhancements [e.g., Friis-Christensen et al., 1988; Glassmeier et al., 1989; Kivelson and Southwood, 1991] . These ionospheric vortices map to the dayside or flank magnetopause or low-latitude boundary layer (LLBL) [e.g., McHenry et al., 1989; Kivelson and Southwood, 1991; Glassmeier, 1992] . Our in situ observations at the nightside differ significantly from those of the dayside ionospheric convection vortices and their predicted magnetospheric driver locations, since we observed the driver plasma vortex deep inside the nightside magnetosphere. The difference between dayside and nightside is likely due to the fact that the restoring force from the magnetosphere changes from being normal to the boundary at the dayside to be oblique to Journal of Geophysical Research: Space Physics 10.1002/2013JA019551 the boundary tailward of the terminator. At the nightside the restoring force becomes weaker, since the boundary field is weaker there and its gradient points at an angle to the magnetopause. This makes the pressure pulse on the nightside protrude farther inside the magnetosphere. Some studies have suggested that some dayside ionospheric traveling convection vortices may map to the nightside plasma sheet near the flanks [Yahnin and Moretto, 1996; Yahnin et al., 1997] . This would not be inconsistent with our observations on the nightside, and in situ observations of these phenomena in the ionosphere and magnetosphere covering both nightside and dayside are needed.
To generate the ionosphere vortex, the Kivelson and Southwood [1991] model requires a deformation of the magnetopause to generate a FAC connecting to the ionosphere. Glassmeier [1992] suggested that the compression would perturb the magnetopause current and in turn generate the upward and downward FAC corresponding to the vortex in the ionosphere. The aforementioned models do not require an in situ vortex in the magnetosphere or near the magnetopause. The Sibeck [1990] model, however, considers in situ vortex near the magnetopause. According to this model, when the shock impinges the magnetopause, a fast wave will be launched inside the magnetosphere. If this fast mode wave propagates faster than the magnetosheath part of the shock, the magnetospheric field lines move outward where the fast wave arrives and then we can expect a tailward moving double vortex. If the fast mode wave inside the magnetosphere does not advance in front of the magnetosheath discontinuity, then we should only expect one single vortex. This situation should happen under northward IMF when the LLBL is thick and, in turn, the fast mode speed inside the magnetosphere is not that fast. In our observation and simulation results it appears that a single vortex is evident. This may be due to the northward IMF condition, consistent with Sibeck's [1990] model. In addition, the fact that his vortex as an FAC source is deeper inside the tail, not only near the magnetopause, has not been predicted before.
In the future we need to continue data analysis in different regions, especially on the dayside, and compare with simulation and models. We plan to examine how these vortices transfer energy to waves and particles, generate aurorae, or heat the ionosphere. These studies will help us understand the effects of pressureinduced vortices and nonsteady solar wind conditions on the space environment.
